In this work, we study the effects of structural asymmetry of the plasmonic waveguide on its properties. In contrast to the symmetric waveguides, odd and even mode dispersion of the asymmetric structure is characterized by a double-peak behavior of the real part and a step-like behavior of the imaginary part. In between low-loss spectral windows of these modes, we introduce the phenomenon of plasmonic quasi-bandgap and numerically confirm its existence. The nature of the observed quasi-bandgap opening is explained in terms of the near-zero value of an effective permittivity for plasmonic modes in the waveguide. The adjustment of the plasmonic quasi-bandgap spectrum is demonstrated with the structural modification of the plasmonic waveguide. As a prospective application example, we illustrate a new concept of coupling control between surface plasmons and propagating waves by employing a tapered nonadiabatic insulator-metal-insulator waveguide.
INTRODUCTION
The interaction of light with matter has been a subject of thorough study for several decades. However, the idea of light manipulation using engineered materials (also called metamaterials) with artificially designed electromagnetic properties has been realized only recently [1] [2] [3] . While metamaterials have attracted a great deal of attention from the optics and photonics communities, other types of structures also have exotic properties not conventionally observed in nature. For example, simple periodic media can exhibit a photonic andn-zero bandgap [4, 5] and bandpass filters [6] , and extraordinary light transmission through a subwavelength-size slit in a metallic sheet has been demonstrated [7] . Furthermore, within the larger frame of metal optics, plasmonic structures allow light manipulation at subwavelength scale and offer equivalent exotic properties such as negative effective index in three layer (3L) plasmonic waveguides [8, 9] or negative refraction in a stack of bilayer plasmonic waveguides [10] [11] [12] . These structures are relatively easy to analyze, design, and manufacture and are a feasible and powerful tool for subwavelength light manipulation. Nevertheless, comprehensive investigation of their properties is yet to be fulfilled.
The majority of studies on multilayer plasmonic waveguides are dedicated to 3L insulator-metal-insulator (IMI) and metal-insulator-metal (MIM) symmetric structures (i.e., with the same top and bottom layers) and their properties [8, 9, 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . On the other hand, asymmetric 3L waveguides (i.e., when the middle layer is sandwiched between materials with different properties) are the subject of fewer studies, for example, [23] [24] [25] [26] . One of the first attempts to summarize and generalize the theory of asymmetric plasmonic waveguides was performed by Burke et al. [23] , although it lacks analysis of frequency dispersion k p k 0 , where k 0 is an excitation wavevector in free space and k p is a plasmonic wavevector. Later Prade et al. [24] reported the first, and to our knowledge unique, attempt to plot the frequency dispersion of asymmetric waveguides. However, they exclusively considered lossless solutions, which resulted in the presence of multiple cutoff momenta and an absence of lossy constituents of demonstrated solutions (which exist even in the case of lossless materials, in direct analogy with surface plasmons). At the same time, the complete dispersion in a broader spectrum range with lossy constituents considered for both lossy and lossless materials provides a pathway toward real-world applications, such as plasmon excitation on lowdimensional materials (graphene, MoS 2 , etc.) [11, 13, 25] , and negative index plasmonic-based metamaterials [10] [11] [12] .
In this paper, we investigate the effects of structural asymmetry on 3L plasmonic waveguide properties, focusing on analysis of frequency dispersion for the case of lossy materials. First, we derive the dispersion of two-mode plasmonic response in 3L IMI asymmetric waveguides and, applying an important approximation, we obtain explicit dispersion relations for two co-existing odd and even modes. Then we analytically demonstrate the existence of a spectral zone (confirmed by a series of numerical simulations in COMSOL), where both modes simultaneously experience significant losses and manifest near-zero effective permittivity (i.e., the plasmon propagation is suppressed at these frequencies). To our knowledge, this phenomenon has not been previously observed in asymmetric 3L waveguides; therefore we suggest it to be denoted as a plasmonic quasibandgap. The "quasi" prefix highlights the difference with the conventional bandgap in photonic structures where the real part of the wavevector is zero, in contrast to the discussed case. It must be noted that this phenomenon cannot be observed in typically considered symmetric 3L waveguides. As an application example of the discovered quasi-bandgap phenomenon, we discuss a novel approach to control the coupling between free-space excitation waves and surface plasmons via tapered nonadiabatic IMI waveguides.
THEORETICAL FORMALISM
We first assume an electromagnetic wave propagating along the metal-insulator interfaces in a 3L geometry (plasmonic waveguide) in the form of Eze iβx ; using the field components of the wave equation for the transverse magnetic (TM) modes
ωϵ 0 ϵ H y , and applying boundary conditions for H y and E x at the interfaces, we derive a compact plasmonic dispersion relation for the general case of the asymmetric 3L plasmonic waveguide:
where
0 ϵ j , k p and k 0 are the wavevectors of a plasmon and an excitation wave in free space, respectively, ϵ j is a dielectric permittivity of layer j 1; 2; 3, and ϵ 1 ≠ ϵ 2 ≠ ϵ 3 . In order to avoid any confusion and for the sake of simplicity, we select the indexation of layers to always be from top to bottom, assuming layers 1 and 3 to be semi-infinite. Layer 2 is a thin film of thickness t. The waveguide is assumed to be infinite in the y direction, and all materials are isotropic and nonmagnetic. Different forms of threelayer dispersion can be found, for example, in [8, 17, 25, 27, 28] .
Specifically, when the thickness t of the thin film in the 3Lwave-guide is quite small (for example, t < 8 nmfor Ag; t < 80 nm for Al-doped zinc oxide [AZO]), we exclusively deal with the high effective index modes satisfying k 
In the case of the IMI waveguide, Eqs. (3) and (4) correspond to modes with even and odd symmetry, respectively, and vice versa in MIM waveguides.
When thickness of the thin film t increases, the condition k 2 0 ϵ j ≪ k 2 p becomes gradually unsatisfied, and approximation accuracy degrades. However, for thicknesses t satisfying the aforementioned condition, the approximated solution's discrepancy [compared with exact dispersion Eq. (1)] is less than 1%.
In contrast to optical waveguides, where guided modes are characterized by a phase and a group velocity because of the material dispersion, the material dispersion of the plasmonic waveguides does not play such a crucial role, even in distances of several hundreds of plasmonic oscillations [29, 30] . Thus, modes excited at some frequency k 0 can be considered as single frequency plasmon modes. Therefore, we adopt the following definitions: plasmons, exhibiting a positive effective index (Refk p g > 0, Imfk p g > 0), have parallel energy flow and phase velocity, while plasmons with a negative index (Refk p g < 0, Imfk p g > 0) have oppositely directed phase velocity and energy flow [8, 9, 17, 31] .
PLASMONIC QUASI-BANDGAP PHENOMENON
As can be seen from Eqs. (3) and (4), the dispersion behavior for both the positive and negative index modes is critically altered when jRefϵ 2 gj jRefϵ 1 gj or jRefϵ 2 gj jRefϵ 3 gj (i.e., jϵ 2 j jϵ 1 j or jϵ 2 j jϵ 3 j for the lossless case), exhibiting a step-like increase of losses for the positive index mode (4)]. This step-like behavior of losses for both lossless and lossy metals indicates that this behavior is associated with radiative losses and not with the damping in metals.
Specifically, when the arctanh function arguments of Eqs. (3) and (4) become greater than 1, the frequencies (momenta) of k 0 , in which both even and odd mode losses experience abrupt changes (denoted as k jϵ 1 jjϵ 2 j 0 and k jϵ 3 jjϵ 2 j 0 ), are calculated from the conditions jϵ 2 j jϵ 1 j and jϵ 2 j jϵ 3 j using a Drude-Lorentz model
where ϵ d and ϵ m are dielectric permittivities of the insulator and metal layers in each of the considered IM interfaces with corresponding insulator materials. ϵ b , ω p , and γ are the background permittivity, plasma frequency, and relaxation rate of the Drude-Lorentz model, respectively, for metals and heavily doped semiconductors. It should be noted that the aforementioned conditions of abrupt changes in dispersion behavior correspond to the cutoff momenta of single interfaces ϵ 1 jϵ 2 and ϵ 3 jϵ 2 , respectively, and cannot be obtained from implicit dispersion relations [see Eqs. (A4) and (A5) in Appendix A].
In the IMI geometry, for example, when ϵ 1 < ϵ 3 , the plasmonic mode associated with the positive index has a low damping region at frequencies of k 0 < k Fig. 1(a) ], while the mode associated with the negative index exhibits low losses at k 0 > k Fig. 1(b) ]. Between the low-loss spectral regions, a spectral zone (k
) occurs where only highly damped solutions exist [blue-shaded areas in Fig. 1(c) ].
In terms of a plasmon energy transfer, high losses of these modes can be related to equal and oppositely directed energy flows in the insulator and metal layers, similarly to the behavior of modes at the IM interface after cutoff momentum. This fact is reflected in the near-zero values of the effective permittivity ϵ eff k 0 R jE x zj 2 ϵk 0 ; zdz∕ R jE x zj 2 dz for both modes at k
, where jE x zj 2 is the intensity distribution of the electrical field of the mode [ Fig. 1(d) ]. The large imaginary part of the mode wavevectors in this spectral region, along with near-zero ϵ eff , indicates the existence of a quasibandgap where the plasmon propagation is suppressed. The low-loss-only merged dispersion profile for the eigenmodes in the IMI structure with the quasi-bandgap is shown in Fig. 1(c) . A similar dispersion behavior can be observed in the asymmetric MIM waveguides, which is a direct consequence of Eqs. (3) and (4), where mode symmetry would be opposite to that in IMI case. Despite the seeming similarity between then-zero bandgap in photonic crystals [4, 5] and currently demonstrated plasmonic quasi-bandgap with a ϵ eff -zero property, the behavior of the guided modes for each phenomenon is different. The main difference can be observed through mode wavevectors that possess both finite real and imaginary components within the plasmonic quasi-bandgap (i.e., plasmon propagation is suppressed because of high losses), while in then-zero bandgap, the wavevector has only an imaginary part [4, 5] (i.e., light wave propagation is impossible since it experiences zero group velocity).
In terms of the loss mechanism in the quasi-bandgap zone, as it is previously noted, the losses of waveguide modes are mainly radiative (completely radiative in the lossless case). However, at the quasi-bandgap frequencies, the real part of the plasmonic wavevector is considerably above the light lines of the dielectrics. Therefore, these lossy modes should be distinguished from generally considered leaky modes with the real part of the wavevector crossing the light line (for example, leaky long-range surface plasmon modes [20] ). In other words, the radiative mechanism of leaky modes is associated with direct phase matching between a plasmonic mode and a propagating wave, in contrast to the lossy modes in the quasibandgap.
A series of numerical simulations was conducted using the COMSOL finite element method (FEM; frequency domain with dipole excitation) software to confirm the existence of the quasi-bandgap, and the results are shown as blue data points in Fig. 1(c) . The dielectric permittivities of the insulator layers are assumed to be ϵ 1 2.25 and ϵ 3 3.9 (BK7 glass and Si 3 N 4 ), while the heavily Al-doped AZO semiconductor was chosen as the metallic material. AZO is a good alternative to gold and silver due to its low internal losses and extreme tunability over an IR spectral range inaccessible for metals [32] [33] [34] [Fig. 2(b) ]. We consider the following physical properties of the AZO layer: doped carrier concentration n 2 × 10 20 cm −3 , ϵ b 3.8, charge carriers mobility μ 60 cm 2 ∕Vs, and electron effective mass m 0.34 × m e [32] [33] [34] [35] [36] [37] . Electric field distributions of plasmonic modes along the x-axis in the IMI waveguide for three excitation wavelengths [marked as orange data points A, B, and C on the k 0 axis in Fig. 1(c) ] are demonstrated in Figs. 1(e)-1(g) . Each of these points A, B, or C is referred to a specific dispersion window [ Fig. 1(c) ], demonstrating a typical plasmonic response thereof. 
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showing the absence of excitations [ Fig. 1(f ) ]; while point C (λ 0 3 μm) is associated with a negative effective index mode of odd symmetry [ Fig. 1(g) ]. Typical electric field intensity profiles of these modes are shown in the inset of Fig. 1(c) .
Dispersion of the IMI waveguides can be significantly perturbed in actual waveguide designs when finite thickness of top/bottom dielectric layers or finite width of the waveguide are considered. An important particular case of an IMI waveguide with finite thickness of dielectric layers can be readily demonstrated (see Appendix B). However, analytical analysis of the dispersion of multilayer waveguides with finite width is a nontrivial task requiring a different approach [38] and would be out of the scope of this report.
PLASMONIC QUASI-BANDGAP PROPERTIES
An important feature of the plasmonic quasi-bandgap in asymmetric waveguides is the capability of control over its spectral width [ Fig. 2(a) ] and position [ Fig. 2(b) ] by an appropriate choice of employed materials. In the IMI waveguide, the width of the quasi-bandgap can be controlled through the dielectric permittivity of insulator layers, while its spectral position can be determined solely by the selection of the metallic-layer material [Eq. satisfying jϵ m j jϵ d j in the 3L waveguide for the most popular plasmonic materials: metals, metallic graphene, and some semiconductors.
A spectral gap between any two points k jϵ 1 jjϵ 2 j 0 and k jϵ 3 jjϵ 2 j 0 on the spectral line (lines) presents the plasmonic quasibandgap window in the 3L waveguide. As can be seen in Fig. 2(b) , the width and position of the spectral gap can be tuned in a spectral range from infrared to ultraviolet. This shows that our approach of selective quasi-bandgap tuning represents a powerful instrument for the design of IMI/MIM plasmonic waveguides with the desired properties across a broad spectral range.
PROSPECTIVE APPLICATIONS OF THE QUASI-BANDGAP PHENOMENON
In tapered symmetric adiabatic (generally considered tapering angle α < 10°) and nonadiabatic [α > 10°; Fig. 3(a) ] [28, 39] IMI waveguides, a plasmonic mode excited at any of two interfaces and propagating toward the tip of the waveguide experiences nanofocusing and reflection at the tip, producing an interference pattern of the time-averaged plasmon energy density W of propagating surface plasmons at the interfaces [ Fig. 3(b) ] [26, 39, 40] . At the same time, in tapered asymmetric adiabatic IMI waveguides (let us suppose ϵ 1 < ϵ 3 ), plasmons excited at each single interface exhibit different behavior near the waveguide's tip. The plasmon excited at the ϵ 3 jmetal interface experiences nanofocusing [25, 28, 39, 41] , while the plasmon excited at the ϵ 1 jmetal interface couples into long-range surface plasmon (LRSP) mode, and below its cutoff thickness t < t cutoff into a leaky LRSP mode, eventually coupling to a propagating wave [20, 26, 42] (see Appendix C). In contrast to the adiabatic waveguides, asymmetric nonadiabatic tapered waveguides are characterized by a considerable scattering and reflection at the tip [39] as well as partial coupling between plasmonic modes of both interfaces [ Fig. 3(c)] .
Then, at the quasi-bandgap frequencies (k
), significant reflection and scattering at the tip in nonadiabatic case can be eliminated, and enhancement of up to 10-15-fold in terms of W units can be achieved for the propagating wave, compared to the frequencies outside of the quasi-bandgap spectral zone [Figs. 3(c)-3(d)] .
In other words, in the quasi-bandgap spectral window, efficient coupling to the propagating wave (as in the adiabatic case) can be achieved even at significant tapering angles α [ Fig. 3(d) ]. Therefore, the negative effect of increasing α on coupling efficiency between plasmons and the propagating wave can be significantly reduced.
The observed preferential direction of the radiation from the tip can be explained by the existence of optimal waveguide thickness t at which LRSP coupling into the propagating wave is most efficient. This is in contrast to leaky modes of conventional plasmonic waveguides [20, 26] and allows concentration of energy at a selected direction [Figs. 3(c)-3(d) ]. The angle between the wavevectors of the LRSP plasmonic mode and the radiative wave at the tip of the waveguide can be calculated as cos β ffiffiffiffi ffi
Similarly, the mechanism of light coupling into surface plasmons at a single interface can be realized with suggested strongly asymmetric waveguides, providing a new technique of selective plasmon excitation along with well-known tools such as prisms and gratings [15, 17] . Numerical simulation results reveal the efficient coupling of a selective excitation wave in surface plasmons [ Fig. 3(e) ] and the LRSP, which achieves an efficiency of up to 20% in nonadiabatic IMI waveguides and does not rely on complex geometries or multiple radiation sources [16, 43, 44] .
CONCLUSION
We demonstrate that the plasmonic dispersion of an asymmetric IMI waveguide is characterized by the double peak and step-like behavior of the wavevector's real and imaginary parts, respectively, for two co-existing odd and even modes. Furthermore, we show and explain the formation of the spectral quasi-bandgap where plasmon propagation is suppressed because of the high losses and near-zero effective permittivity for supported modes. The quasi-bandgap width and position can be readily adjusted by selecting the employed materials, allowing the excitation of plasmons with positive and negative effective indices at a very broadspectrum range from UV to IR. The plasmonic quasi-bandgap phenomenon has potential as a new technique for efficient surface plasmon excitation and light emission on tapered nonadiabatic waveguides. We believe that our results represent an important contribution to the field of plasmonic waveguide theory, design, and applications.
APPENDIX A
We start with the derivation of implicit dispersion relations for the 3L plasmonic waveguide by considering the general dispersion relation, Eq. (1), which can be rewritten as tanh k 2 2t
Then, using tanhx y tanhxtanhy 1tanhx tanhy , Eq. (A1) can be transformed into the following form:
where q is an integer. Applying arctanhx arctanh 
where m, l are integers. Similar dispersion relations were demonstrated in [28] but derived in an alternative way. For small thicknesses of t, we exclusively deal with the modes satisfying k 
The only solutions, m 0 and l 0, are the low-loss eigenmodes, resulting in Eqs. (3) and (4).
APPENDIX B
An IMI waveguide with a finite thickness of top/bottom dielectric layers in a surrounded medium forms a five layer (5L) insulator-insulator-metal-insulator-insulator (IIMII) structure, which is schematically shown in Fig. 4(a) . For the sake of simplicity, we consider thicknesses of dielectric layers 2 (t 1 ) and 4 (t 3 ) in the 5L structure to be identical, t 1 t 3 , and their dielectric permittivities are ϵ 2 ≠ ϵ 4 . t 1 and ϵ 3 are the thickness and dielectric permittivity of the metallic layer 3, and ϵ 1 ϵ 5 is the dielectric permittivity of the surrounding medium [ Fig. 4(a) ]. The dispersion of the positive index mode in the IIMII waveguide remains practically unchanged for when t 1 > 100 nm with respect to that in the IMI case [ Fig. 4(b) ]. For t 1 50 nm, the positive index mode dispersion curve slightly descends, and the deviation from the IMI curve is more pronounced at lower frequencies k 0 [ Fig. 4(b) ]. Further decreasing of t 1 leads to the considerable descent of the dispersion curve [ Fig. 4(b) ].
Dispersion of the negative index mode in the IIMII waveguide exhibits an opposite behavior: decreasing of the thickness t 1 leads to the ascending of the dispersion curve [ Fig. 4(c) ].
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Analytically obtained results for the positive and negative index modes in the IIMII waveguide can be successfully verified by numerical simulations using COMSOL FEM software. Simulation results for each mode at a given frequency and for several values of thickness t 1 are demonstrated in insets in Fig. 4(b) for positive and in Fig. 4(c) for negative index modes. Figure 5 (a) demonstrates the plasmonic dispersion curves of the single IM interface (mode 0, in green) and IMI waveguide based on Eqs. (A4) and (A5) (modes 1, 2 and 3) , where mode 1 (orange) is the positive effective index mode, mode 2 (blue) is the negative effective index mode, and mode 3 (pink) is the LRSP mode [20] .
APPENDIX C
In a tapered IMI waveguide, the IM interface mode, starting from the thick part of the waveguide in the direction of the tip, is continuously coupled in the IMI waveguide modes, while the thickness t approaches zero. However, in the quasi-bandgap spectral zone, such mode transition is favorable only between the single IM interface (ϵ 1 jAZO) mode 0 and the LRSP mode 3, since other modes 1 and 2 become extremely lossy. Figure 5(b) demonstrates the smooth transition of the dispersion solution for the single IM interface mode (point A) toward the LRSP mode (point B) as a function of the waveguide's middle-layer thickness t at fixed frequency k 0 1.81 × 10 6 m −1 . The LRSP mode is characterized by a cutoff momentum k cutoff and a cutoff thickness t cutoff [20] . Figures 5(a) and 5(b) show that k cutoff as well as t cutoff are only transition points of the LRSP mode 3 in the leaky regime similarly to results in [23, 45] . The leaky LRSP mode (k 0 < k cutoff ; t < t cutoff ) exists between two light lines k 0 ffiffiffiffi ffi ϵ 1 p and k 0 ffiffiffiffi ffi ϵ 3 p (asymptotically approaching k 0 ffiffiffiffi ffi ϵ 1 p , when ϵ 1 < ϵ 3 ), and thus can be directly excited by an incident light wave from one of the dielectric layers in the IMI waveguide.
The efficient coupling between the low-loss modes supported by the tapered waveguide (IM interface-LRSP-Leaky LRSP-radiative) is the mechanism underlying the demonstrated propagating waves/excitation of plasmons.
Due to the asymptotic behavior of the LRSP (when the thickness of the waveguide decreases), k p ∕k 0 approaches the light line value ffiffiffiffi ffi ϵ 1 p (when ϵ 1 < ϵ 3 ), while the radiative mode propagates into the media with ffiffiffiffi ffi ϵ 3 p (when ϵ 1 < ϵ 3 ), making it possible to calculate the angle between the wavevectors of these two modes at the tip of the waveguide:
In fact, the LRSP mode becomes leaky after t cutoff , and the most effective radiation will consequently occur before reaching the tip and will be characterized by a slightly smaller effective β 
